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ABSTRACT  

Using the batch adsorption method, the adsorption capacity of activated carbon from 

Adansonia digitata (AD) seed pods was investigated. Scanning electron microscopy (SEM) 

and Fourier transform infrared (FTIR) spectroscopy characterized the adsorbents. AD, HAD 

(H3PO4-activated AD), and KAD (KOH-activated AD) exhibited C-H, O-H, C≡N, and C=C 

groups with minor alterations post-activation and adsorption. The pH of point zero charge 

(pHpzc) for AD, HAD, and KAD were 6.6, 6.8, and 7.2, respectively. Optimized conditions 

included temperature, pH, adsorbent dosage, initial concentration, and agitation time. 

Maximum dye adsorption capacities on AD, HAD, and KAD were 91.48, 71.70, and 75.52 

mg/g, respectively. Adsorption followed a pseudo-second-order model, and the Freundlich 

isotherm model correlated well. Thermodynamic studies indicated exothermic and 

spontaneous adsorption processes, suggesting these adsorbents are promising for industrial 

wastewater cleanup. 
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1. INTRODUCTION 

The environment has suffered from industrial growth, especially in the textile sector, and 

water resources have been damaged [1,2, 3]. With over 10,000 tons released each year, the 

textile sector is the biggest user of dye [4,5]. Non-adsorbed dyes in wastewater cause cancer 

and other adverse health effects [6]. Dyes also deplete dissolved oxygen and obscure 

biological and photochemical processes, which is why they are bad for aquatic life [7,8]. 

Remediation of wastewater by dye removal is essential to environmental protection. 

A number of methods are used to remove color from wastewater, including adsorption [9]. 

electrochemical treatment, biological treatment, membrane filtration, coagulation, 

photochemical degradation, and oxidation [4,10,11]. Wastewater color removal has been 

attempted using a number of techniques, but because of their limitations, none of them has 

been completely successful. Because synthetic dyes are light-stable, photochemical 

degradation is slowed down, coagulation decolorizes insoluble colors, and biological 

treatment procedures are hazardous, Economic exclusion is still a significant problem [12]. Of 

these, adsorption proved to be the most beneficial because of its low cost of operation, low 

susceptibility to contaminants, high efficiency, economic viability, and straightforward design 

[7,13]. 

Adsorption is a surface phenomenon that involves the adhesion of gases, liquids, and solids to 

the surface of the adsorbent [14]. It is a reliable and effective approach to handling industrial 

and domestic effluents [15]. An adsorbate is a substance that sticks to or concentrates at the 

surface, whereas an adsorbent is a substance on which adsorption is taking place [14,15,16]. 

Adsorption is primarily caused by the physisorption and chemisorption processes; physical 

sorption is the result of van der Waal forces of attraction, while chemisorption depends on the 

creation of a strong chemical bond between the adsorbent and the adsorbate [4]. 

In comparison to agricultural waste, other materials used as adsorbents are more costly, less 

accessible, and less renewable. One well-known adsorbent is activated carbon, which is 

offered because of its high adsorption capacity, broad surface area, and microporous structure 

[11]. Waste management and wastewater treatment are the two primary uses of low-cost 

adsorbents, which makes them a challenging sector [7]. 
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Of all the sorbent materials suggested for eliminating contaminants from wastewater, 

activated carbon is the one that is most frequently utilized [17]. Because activated carbon 

adsorption is so good at removing different colors from wastewater, it's a great alternative to 

more costly treatment processes. Activated carbon does have several drawbacks, though, 

including price, issues with regeneration, lack of selectivity, and poor performance against vat 

and dispersed dyes [13]. For the majority of pollution management applications, it is therefore 

not justified to use carbon based on very expensive starting materials. Numerous workers 

have been forced to search for alternatives that are less costly [4]. 

Many researchers have employed agricultural waste materials for dye remediation of 

contaminated wastewater, including sawdust [18], raw maize cob, exhausted coffee ground 

powder [19], seed pods, black cumin, neem leaf, pineapple leaf, and pine tree leaves. 

Comparing agricultural wastes to other materials used as adsorbents, they are more affordable, 

more accessible, and more renewable [20]. 

Baobab, Adansonia digitata botanically, is a big, iconic tree indigenous to Africa, where it is 

found in many countries. It belongs to the Malvaceace family. Most scientists believed that 

the name “Baobab” originated from the Arabic name buhibab (fruit). Adansonia is derived in 

honor of the person who brought the seeds to Paris, Michel Adanson (1727–1806), while 

Digita was named due to its leaf shape, meaning hand-like. Baobab products serve as a source 

of food, fiber, and medicine in Africa, which makes them of great importance [21]. 

Cationic dyes are hazardous colorants used in coloring acrylic, wool, nylon, and silk, causing 

allergic dermatitis, skin rashes, mutagenesis, and cancer. They produce colorful cations in 

solution and are water-soluble. Azo and methane dyes contain cationic functionality. Basic 

dyes like crystal violet, methylene blue, basic blue, and basic red are visible, intense colors 

commonly used in textiles. Methylene blue exposure can cause health issues [22]. 

Methylene blue (MB) is a thiazine dye that is basic in nature. Broad uses for MB include 

coating paper stock, temporary hair color, coloring cottons and wools, and dyeing paper [23]. 

Methylene blue can have certain negative consequences, even if it is not particularly 

dangerous. Increased heart rate, vomiting, shock, the formation of Heinz bodies, cyanosis, 

jaundice, quadriplegia, and tissue necrosis are among the symptoms of acute exposure to 
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methylene blue in people [13,24]. 

In this work, we report the results of the adsorption of the cationic dye Methylene Blue (MB) 

over AD, HAD, and KAD adsorbents. 

                                                                                                             

                                                                       

 

 

                                         

 

Figure 1.1: Methylene Blue 

 

 

2. EXPERIMENTAL WORK 

2.1 materials and methods 

2.2. Adsorbate 

The preparation of the methylene blue dye stock solution (1000 mg/L) involved dissolving 1 g 

of the dye in a 100 cm3 beaker, transferring it to a 1000 cm3 volumetric flask, and topping it 

up with distilled water. By appropriately diluting the stock solution with distilled water, the 

necessary experimental concentration (10, 30, 50, 70 & 100 mg/L) was created. 

2.3. preparation of an adsorbent 

The seed pod of Adansonia digitata was obtained from the Kurmi local market located in 

Kano State, Nigeria. To get rid of dust, debris, and other contaminants, the pod was 

thoroughly cleaned with water and then with distilled water. After being sun-dried for roughly 

48 hours, the sample was again dried to a constant weight at 105 degrees Celsius in an oven. 

After being dried, the pod was mashed with a mortar and pestle and then sieved through a 

0.2μm sieve to get a fine powder that was the biosorbent. After that, the biosorbent's sieved 

fine power was split into three parts. Without any additional processing, the first part was 

leveled as an AD adsorbent and kept in an airtight container. The second and the third portion 

of the sample were manually mixed for approximately 30 minutes, after impregnated with 
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85% concentrated H3PO4 and (KOH plus 100 cm3 distilled water) respectively, in the ratio 

(2:1) wt/wt, dried at 110 oC in an electric oven for 24 hours and then carbonized at 600 oC 

separately using a muffle furnace [25]. After cooling down, the samples were leached with 0.1 

M H3PO4 and 0.1 M KOH, and then they were carefully cleaned with distilled water until a 

pH of around 6.9 was reached [14]. The necessary activated carbon was produced during a 

24-hour drying process at 110 oC in an oven. 

2.4. Characterization 

Fourier transform infrared (FTIR) and scanning electron microscopy (SEM) were used to 

characterize the adsorbents. Additionally, the bulk density, pH of the point zero charge, 

moisture content, and ash content were measured. 

2.4.1. Determination of Percentage Yield 

Product yield is a critical measure for determining the feasibility of an adsorbent from a 

specific precursor [26]. The percentage yield (%yield) of the manufactured activated carbon 

was determined by first weighing 100 g of the raw material (designated Mb), letting it cool, 

and then recalculating its weight using an electronic weighing scale as Ma, after the raw 

material was carbonized and activated at 600 °C. 

Equation 2.1 was used to calculate the percentage yield of the precursor: 

     (2.1)  

Where Ma is the mass of the char and Mb is the initial mass of the sample [27]. 

2.4.2. Determination of Moisture Content 

The moisture content was assessed to determine the hygroscopic characteristics of activated 

carbon. The moisture content was calculated on a dry basis. The empty, dry, and pristine 

crucible was weighed (W1). One 2 g powdered sample of both treated and untreated biomass 

was added to the crucible after it had been weighed (W2). After drying in an oven at 110 °C 

for 10 minutes, each sample was constantly weighed again until the weight stayed constant. 

The crucible holding the powdered sample that had dried was again placed in an oven at 

110 °C. Weighing the crucible and sample once again was done (W3). The moisture content 

was determined from the sample's weight loss using Equation 2.2  



Z. Hashim et al.              J Fundam Appl Sci. 2025, 17(1), 1-37              6 
 

 

     (2.2) [28,29] 

Where W1 is the mass of the empty crucible (g), W2 is the mass of the crucible plus sample 

before drying (g), and W3 is the mass of the crucible plus sample after drying (g). 

2.4.3. Determination of Ash Content 

To find the amount of ash, crucibles were heated to about 600 °C, cooled in a desiccator, and 

then weighed. Before being reweighed, each sample was placed into the crucibles, weighing 

1.0 g. The crucibles containing the samples were then put in the furnace and heated to 600 °C 

for about an hour and thirty minutes. After that, they were cooled to room temperature (30 °C), 

and the samples were weighed once again. The ash content was calculated using Equation 2.3 

[30]: 

  (2.3)  

2.4.4. Determination of Bulk Density 

For the purpose of measuring bulk density, Sugumaran et al.'s (2012) procedures were slightly 

altered. Each powdered adsorbent sample was compressed to a 2 cm3 mark in a glass cylinder 

(5 cm3). Using Equation 3.6, the bulk density (g/cm3) was determined [31]. 

   (2.4) 

All the experiments were carried out in triplicate, and the averages were presented. 

2.4.5. pH of a point-zero charges 

pH of Point of Zero Charge (pHpzc): The pH at the point of zero charge (pHpzc) is an important 

parameter in the study of adsorption phenomena, particularly when electrostatic forces are 

involved. pHpzc is a relevant indicator of the chemical and electronic properties of the material 

used as an absorbent [33,34]. The salt addition method was used to measure this parameter in 

the following manner: solutions of 50 cm3 of NaCl (0.1 M) were poured into a 250 cm3 

conical flask, and the initial pH (pHi) was adjusted in each volume, ranging from 2 to 12, by 

adding 0.1 M solutions of KOH or HCl in drops. In each flask, 0.1 g of the adsorbent was 

added. The final pH (pHf) of each solution was determined following filtration and 4 hours of 
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agitation at room temperature. Each solution was filtered and allowed to settle at room 

temperature for four hours before its final pH (pHf) was measured. The pHpzc values on a 

graph with pHf = f(pHi) was obtained from the intersection of the pH curve with the first 

quadrant axis bisector The pHpzc value was determined by graphing the point where the pH 

curve and the first quadrant axis bisector connect [33,34]. 

2.5. Batch adsorption experiment 

To investigate the effects of adsorption settings, the experiment was conducted using a 250 

cm3 conical flask containing 100 cm3 of the dye solution on an orbital incubator shaker set at 

room temperature and 200 rpm. 0.1 M HCl and 0.1 M KOH were used to raise the starting pH 

of the corresponding solutions to the appropriate levels (Yunusa and Ibrahim, 2020). In this 

experiment, a 100 cm3 solution of the dye was mixed with 0.1–1.0 g of the produced 

adsorbent. Following agitation, the samples were filtered, and a UV spectrophotometer was 

used to determine the concentration. The ideal conditions were determined by adjusting the 

contact period (10–120 min), pH (2–12), dye concentration (10–100 mg/L), adsorbent dosage 

(0.1–1.0 g), and temperature (30oC – 60oC) during the optimization process. All procedures 

were run at room temperature, with the exception of the temperature effect, which was run at 

30 to 60 degrees Celsius. 

The adsorption capacity was determined using equation 2.5 

     (2.5)         

Where V is the volume of the adsorbate solution, qe is the dye uptake capacity (mg/g), M is 

the mass of the adsorbent in g, Ci is the initial dye concentration, and Ce is the dye 

concentration at equilibrium. The total efficiency in percent removal was calculated using 

equation 2.5 

         (2.6) 

2.5.1. Determination of the effect of agitation time 

With minor adjustments, the Yunusa & Ibrahim (2020) method was applied. A 100 cm3 dye 

solution was placed in a 250 cm3 Erlenmeyer flask along with the adsorbent (0.1 g). A 
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combination of 10, 20, 30, 40, 60, 90, and 120 minutes was the ideal agitation time. The 

adsorbent dose (0.1 g), temperature (30oC), speed (200 rpm), and pH (the adsorbent's pH) 

were all held constant. 

2.5.2. Determination of the initial concentration 

A 100 cm3 of the dye at different concentrations (10, 20, 30, 50, 70, and 100 mg/L) was mixed 

with 0.1 g of the adsorbent. At 200 rpm and 30 oC, the mixture was agitated using an 

incubator shaker to determine the ideal duration for each adsorbent. After that, the mixture 

was filtered, and the absorbance from the filtrate's UV analysis was used to determine the dye 

concentration [24]. 

2.5.3. Determination of the adsorbent dosage 

With minor modifications, the method described by Yunusa & Ibrahim (2020) was used to add 

0.1 g of the sample for every 100 cm3 volume of adsorbate solution. The investigations were 

carried out at room temperature (30 °C) and 200 rpm for the ideal duration of each adsorbent. 

The samples were filtered and sent to a UV spectrophotometer for examination, where the 

concentration was found. The 0.1, 0.3, 0.6, 0.8, and 1.0 g adsorbent doses were shown to be 

optimal. The same process was applied to the remaining adsorbents.  

2.5.4. Determination of the temperature 

A minor modification was made to Yunusa and Ibrahim's (2020) approach in order to 

ascertain the impact of temperature. Whereby the optimal initial concentration of the 

adsorbent was increased to 100 cm3 by adding 0.1 g of adsorbent. The mixture was stirred at 

the appropriate adsorbent agitation time, filtered, and the absorbance was measured with a 

UV-vis spectrophotometer. The calibration curve was used to determine the equilibrium 

concentration. All other parameters were held constant while the trials were conducted at 30, 

40, 50, and 60 degrees Celsius. 

2.5.5. Determination of the pH of the solution 

Testing was done at pH values of 2, 4, 6, 8, 10, and 12. After each solution had been agitated 

for the ideal amount of time for each adsorbent and at the proper starting concentration, 0.1 g 

of treated and untreated samples were added individually for every 100 cm3 of dye aqueous 

solution [24]. After filtering the mixture, the absorbance was measured to determine the 
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concentration [14]. 

2.6. Adsorption isotherms 

It is impossible to overestimate the significance of the adsorption isotherm in describing the 

interactions between the adsorbent and the adsorbate and in giving an idea of the adsorption 

capacity. They are necessary in order to understand the adsorption mechanism. The Langmuir 

and Freundlich models provide the best description of the adsorption isotherm [4]. It is the 

connection between the species that can absorb an adsorbate and its amount [34]. 

2.6.1. Langmuir adsorption isotherm model 

Separate from inter-individual interactions, this isotherm addresses external interactions of the 

adsorbent. The topic is adsorption in a monolayer. The linear form of the Langmuir model is 

as follows: 

 (2.7) [34,35] 

KL is the Langmuir constant (dm-3mol-1) and qmax = monolayer adsorption capacity (mgg-1). 

This equation can be simply written as:  

    (2.8) [34] 

Generally speaking, adsorbate ionic strength, ionic medium, and pH all affect qmax and KL. A 

straight line will be produced when we plot Ce (mgL-1)/qe (mgg-1) against Ce (mgL-1). In 

order to determine whether the process is advantageous when RL > 1 and linear for RL = 1, in 

addition to irreversible for RL = 0, RL, or the separation factor parameter, was used. This is the 

formula for RL;  

      (2.9) 

Where KL = Langmuir adsorption equilibrium constant (Lmol-1), Ci = initial dye concentration 

(mgL-1). RL can be determined from KL and Ci [34]. 

2.6.2 Freundlich Adsorption Isotherm Model 

Consider a heterogeneous adsorption surface with different adsorption energies and accessible 

sites that are dispersed unevenly. A non-linear empirical equation describing the multilayer 
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adsorption on the heterogeneous surface of the adsorbent with unevenly accessible active sites 

and inconsistent binding energy [34]. 

Freundlich suggested the following adsorption expression: 

     (2.10) 

Integration of this equation gives the expression as: 

   (2.11) 

Whereas Cads indicates the concentration absorbed per unit mass of adsorbent (molg-1), Ce 

indicates dye concentration at equilibrium (molL-1). Adsorption strength and capacity are 

denoted by the Freundlich constants n and KF, respectively. The value of n indicates the type 

of heterogeneous adsorbent that was used [37]. A larger amount of adsorption occurs when n 

is greater than one. Chinniagounder et al., (2011) and Nasar & Shakoor (2018) state that the 

value of n can range from 1 to 10 [35]. Good adsorption is indicated by a value of n between 2 

and 10; moderate adsorption is indicated by a value of n between 1 and 2; and poor adsorption 

is indicated by a value of n less than 1 [35]. Equation 2.11 above can be resolved as follows: 

 

     (2.12) [34] 

 

Where: KF = Freundlich constant, n is the slope, qe (mg/g) is the amount of adsorbate 

adsorbed per gram of an adsorbent.  

There is no limit to the amount of material that can be adsorbed using this adsorption isotherm, 

which employs multilayer adsorption [35]. 

2.6.3 Temkin Isotherm Model 

The Temkin isotherm model's linear formulation, which considers the interactions between 

the adsorbent and adsorbate as follows: 

     (2.13) 

Where RT is the universal gas constant (8.314 Jmol-1K-1). The maximal binding energy and 
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the adsorption heat are represented by the Temkin isotherm constants, KT (Lg-1) and BT 

(kJmol-1), respectively. The quantity of KT and BT was determined using the linear plot of qe 

vs. lnCe. 

2.7. Kinetics of Adsorption 

To optimize various operating parameters for the biosorption process, kinetic studies are 

required. Numerous kinetic hypotheses have been used to explain the reaction's sequence. Fu 

et al., (2011) employed intraparticle diffusion, pseudo-first order, and pseudo-second order 

kinetic models, and was used to evaluate the MB dye's kinetics on biosorbents and biochars 

made from Adansonia digitata seed pods. Senthamarai et al., (2012) assessed the correlation 

coefficients (R2) in order to evaluate the applicability of these kinetic models. When R2 is 

high, the model may be applied to data most successfully [4]. 

2.7.1 Pseudo-first order model 

The fundamental premise of the pseudo-first order kinetic model is that the dye concentration 

changes in a time-dependent manner in a proportional to power one manner. The integral form 

of the pseudo-first order model is usually expressed as follows: 

   (2.14) [28] 

where k1 is the rate constant (L min-1), t is the agitation period (min), and qe and qt are the 

biosorption capacities (mgg-1) at equilibrium and time t, respectively. Tables 4.4a and 4.4b 

display the rate constants k1, qe-calculated, qe-experimental, and R2 values for the biosorption 

of MB employing biosorbents and biochars. Plotting log (qe-qt) against time in accordance 

with the Lagergren pseudo-first order model results in a straight line with a very low 

correlation value (R2) [42]. 

2.7.2 Pseudo-second order kinetic model 

The biosorption mechanism is explained across the contact time range by the 

pseudo-second-order kinetic model [32,33]. The different equation is shown as follows: 

     (2.15)   

Where K2 (g mg-1 min-1) is the second-order rate constant of biosorption process. By 
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integrating and applying boundary conditions t = 0 – t and q = 0 – qt, the above equation can 

be written in linear form as follows: 

     (2.16) 

Plotting t/qt against t yields the values of the constants k2 (g mg-1 h-1) and qe (mg g-1). The 

second order k2, qe-calculated, qe-experimental, and R2 values for the biosorption of 

methylene blue (MB) are shown in Tables 4.4a and 4.4b. The outcomes demonstrated a 

greater similarity between the experimental and computed qe values. The correlation 

coefficient (R2) values for native, processed, and immobilized biomasses are noticeably higher. 

Thus, the pseudo-second order kinetic model is more appropriate and efficient than the 

pseudo-first order kinetic model and shows the best fit to the kinetic data. These results are 

consistent with earlier reports [42]. 

2.7.3 Intraparticle diffusion model 

There are several steps involved in the transfer of dye molecules from an aqueous solution to 

a biosorbent's surface. The biosorption mechanism can be adjusted using a single step or a 

combination of multiple steps. In the batch experiment setup, which involves fast and 

continuous stirring, the rate-determining or rate-controlling step may be film diffusion, 

intra-particle diffusion, or a mixture of both mechanisms. The intraparticle diffusion equation 

is written as follows: 

        (2.17)              

Where Ci (mg g-1 min-1/2) is the intercept that describes the thickness of the boundary layer 

and Kdiff (mg g-1 min-1/2) is the rate constant of intraparticle diffusion. The intraparticle 

diffusion hypothesis predicts a linear curve for qt versus t1/2. If intra-particle diffusion is 

involved in the biosorption reaction, then particle diffusion would be the controlling step if 

this line passed through the origin when the amount of solid adsorbed per unit mass of 

biosorbent (qt) was plotted against the square root of time (t1/2) [43].  

 

The low value of the correlation coefficient (R2) indicates that the primary factor impacting 
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the biosorption of MB onto biosorbents and biomasses is not intraparticle diffusion. We can 

deduce that both surface adsorption and intraparticle diffusion were active during the 

biosorption of MB dye onto biosorbents and biomass. 

2.8. Thermodynamics of Adsorption 

Certain state functions, such as change in Gibbs free energy (∆G), entropy (∆S), and enthalpy 

(∆H), were utilized to calculate heat changes in a system or state of a system. These variables 

provided information about the characteristics of the adsorption process, such as whether it is 

endothermic or exothermic. All of these thermodynamic parameters can be computed using 

the following formulas [44]: 

     (2.18) 

Where ∆S is the entropy, ∆H is the enthalpy or total heat content of the system, T is the 

temperature, and Kc is the equilibrium constant. 

                        =       (2.19) 

In which Kc, Cads, and Ce stand for the equilibrium constant, the equilibrium concentration of 

dye remaining in solution (mol/L), and the quantity of dye adsorbed on the adsorbent (mol/L) 

at equilibrium, respectively. The adsorption process is exothermic if the Gibbs free energy 

change is negative. The relationship between enthalpy, entropy, and Gibbs free energy change 

is as follows [34]: 

∆G      (2.20) 

 

3. RESULT AND DISCUSSION 

3.1. Characterization of the Adsorbent and Adsorption Test 

3.1.1 Percentage Yield 

In summary, the base-activated carbon (KAD) yielded 18%, whereas the acid-activated 

biomass (HAD) demonstrated a greater yield of 29%. This is because a higher yield of char 

was produced by the enhanced conversion of aliphatic to aromatic molecules caused by 

H3PO4 activation [45]. 
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3.1.2 Moisture Content, Ash Content, and Bulk Density 

Table 3.1. Moisture Content, Ash Content and Bulk Densities of the Adsorbents 

S/N Adsorbent Moisture Content (%) Ash Content (%) Bulk Density (g/cm3) 

1 AD 2.48 5.2 0.26 

2 HAD 6.31 27 0.24 

3 KAD 10.56 19 0.2 

The adsorption capability decreases as the moisture content increases. Due to the fact that the 

water (H2O) molecule will compete with the adsorbent for binding to or adhering to its active 

sites, Furthermore, the adsorption capability decreases with increasing ash content. This is 

because the ash's mineral content will cover or obstruct the adsorbent's porous structure, 

which will reduce the amount of color that is absorbed. The bigger the bulk density and, 

correspondingly, the higher the adsorption capacity, the finer the particle size. Consequently, 

based on Table 3.2's results, untreated biomasses (AD) will have a higher adsorption capacity 

because of their higher bulk density, minimal moisture content, and ash content. 

3.1.3. Effect of Point of Zero Charge (pHpzc) 

The sites of zero charge for AD, HAD, and KAD were found to be 6.6, 6.8, and 7.0, 

respectively, using the solid addition method, as seen in Figure 3.1. At pH levels higher than 

pHpzc, the biomass has a negative surface charge. Otherwise, if the solution's pH is less than 

pHpzc, the material's surface has a positive charge. Surface charge is zero at pHpzc, which 

indicates that net negative charges and total positive charges equal a neutral surface [46]. 
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Fig.3.1. pH of point zero charge of AD, HAD and KAD adsorbents 

 

3.1.4 Fourier Transform Infrared Spectroscopy Analysis (FTIR)   

 

AD _____     HAD-before Adsorption_____     HAD-after Adsorption_____      

MB_____ 

Fig.4.3. Fourier Transform Infrared Spectroscopy (FTIR) spectra of MB Adsorption onto AD 

and HAD 
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 AD _____     KAD-before Adsorption_____     KAD-after Adsorption_____      

MB_____ 

Fig.4.4. Fourier Transform Infrared spectroscopy (FTIR) Spectra of MB adsorption onto AD 

and KAD 

 

The AD biomass before and after activation (KAD and HAD), followed by the adsorption of 

methylene blue, revealed significant changes in the infrared absorption bands, indicating 

alterations in the functional groups present on the biomass surface. The broad band observed 

in the range of 3100 to 3500 cm-1 is commonly attributed to O-H stretching vibrations in 

hydroxyl groups [14] and N-H stretching vibrations in amine groups, i.e., the width of the 

band indicates a H-bond [46]. A similar result was reported by Üner et al. (2017). Remarkably, 

this band was no longer detectable after the acid and base activation and methylene blue 

adsorption processes. This could be indicative of a reduction in hydroxyl and amine groups, 

possibly due to the modification induced by acid treatment and the subsequent adsorption of 

methylene blue. 

The double band around 2900 cm-1, which typically corresponds to C-H stretching vibrations 

in aliphatic hydrocarbon chains, was conspicuously absent in the post-treatment spectra [8]. 

This absence suggests a depletion of aliphatic hydrocarbons due to the acid activation process. 

The weak absorption band at around 2100 cm-1, indicative of C≡N triple bond stretching 

vibrations, exhibited an increased intensity in the post-treatment spectra. This suggests the 

formation or enrichment of nitrile groups, possibly facilitated by the acid activation process 
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and enhanced by the adsorption of methylene blue. The sharp band with medium intensity 

observed around 1600 cm-1 is typically associated with C=C stretching vibrations in aromatic 

compounds [46] and C=O stretching vibrations. In the post-treatment spectra, a reduction in 

the intensity of this band was evident, implying an increase in the aromatic compounds, 

potentially affected by both the acid activation and the adsorption of methylene blue. 

The sharp and medium band at around 1000 cm-1, which is often attributed to C-O stretching 

vibrations of cellulose, hemicellulose, and lignin in ether or alcohol functional groups [14], 

exhibited decreased intensity in HAD and disappeared in HAD and KAD (elongation 

vibrations confirm the presence of carboxyl/alcohol/ether/ester functional groups in the 

molecular composition of the bio-absorbent) [46]. This suggests a reduction in ether or 

alcohol groups, possibly due to the modifications induced by acid activation and the 

subsequent adsorption of methylene blue. 

For methylene blue, a broad, strong band was observed at 3100–3200 cm-1, indicating O-H 

stretching vibration, and a broad, medium band at 2100 cm-1, indicative of C≡N triple bond 

stretching vibrations. There is also a sharp band around 1600 cm-1, which is typically 

associated with C=C stretching vibrations in aromatic compounds [46]. Similar findings were 

also reported by Üner et al. (2017). They disappeared due to activation and adsorption 

processes. Also, a strong, sharp band was observed at 1300–1400 cm-1, which is attributed to 

C-H bending of the methyl group. 

3.1.5. Scanning Electron Microscope (SEM) 

The morphological characteristics of the used adsorbents were assessed before and after the 

adsorption of Methylene blue dyes, and the obtained results are displayed in the following 

figures: 
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Plate 3.1. SEM micrographs (×500) of (a) AD-before, (b) AD-after, (c) HAD-before, (d) 

HAD-after, (e) KAD-before & (f) KAD-after adsorption 

The SEM images before and after adsorption show that adsorption has occurred by showing 

alterations in the micrographs. 

The surface morphology and pore structure of the AD, KAD, and HAD adsorbents before and 

e. f. 
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after adsorption were investigated using scanning electron microscopy (SEM), and the results 

are presented in Plate 3.1. The results revealed a significant enhancement in the surface 

porosity and texture of AD after activation and carbonization, and the SEM images of the 

adsorbed material provided insights into the extent of pore filling and dye adsorption [47]. 

The micrographs displayed an intricate network of pores and ridges on the surfaces of KAD 

and HAD, indicative of the increased porosity and texture achieved through the activation 

processes [8]. The surfaces were observed to be significantly rougher and more irregular 

compared to the untreated biomass feedstock, AD. Upon adsorption of methylene blue dye, 

the SEM images displayed the distribution of dye molecules on the HAD material's surface. 

The dye molecules appeared as clusters, covering the porous structure. This observation 

suggested effective dye adsorption, wherein the dye molecules were able to interact with the 

surface through electrostatic forces and π-π stacking interactions. The degree of dye covering 

as shown in the results reflects the materials’ adsorption capacity. 

3.2 Effect of Operational Conditions 

3.2.1. Effect of Agitation Time 

The adsorption rate must be considered in an appropriate adsorption system. The adsorption 

process is affected by contact time, as shown in Figure 4.4 below. 

Fig.3.4. Effect of agitation time of MB adsorption onto AD, HAD, and KAD 

 

Figure 3.4 illustrates how the adsorption capacity of each adsorbate increases rapidly in the 
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beginning, reaching 19.97 mg/g for both HAD and KAD after 40 minutes of agitation time. 

After that, the adsorption capacity gradually decreased as the agitation time increased and 

eventually became nearly constant. After attaining equilibrium, further adsorption under the 

employed conditions was insignificant as a function of contact time. A large concentration 

difference between the bulk liquid and the solid surface adsorbent is what causes the early, 

rapid absorption. The low number of empty sites was the reason for the slight increase in 

adsorption capacity at later phases, which was matched by a slow increase [42,48]. The 

residual empty spaces are gradually filled by adsorbate molecules due to the repulsive 

interactions between the liquid and solid phases [14]. Thus, for additional adsorption research, 

an ideal duration of 40 minutes was [48]. The percentage removal rises as the agitation time 

increases, and dye desorption begins as the contact time climbs even higher. This is due to the 

fact that dye molecules are only loosely bonded to the adsorbent surface during saturation 

[35]. Stated differently, the adsorbent's active sites were impregnated with the dye molecules 

at the saturation point [49]. 

3.2.2. Effect of Initial Concentration 

The adsorption process, which can significantly induce the solute molecules to overcome 

mass transfer resistance between the liquid and solid phases, is known to be significantly 

influenced by the initial dye concentration.  

Fig.3.5. Effect of initial concentration of MB adsorption onto AD, HAD and KAD 
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The effect of varying starting dye concentrations on the adsorption capacity of the adsorbate, 

MB, is demonstrated in Figure 3.5. Additionally, using an initial dye concentration of 100 

mg/L, it demonstrated the greatest dye uptake of 81.46 mg/g for all three adsorbents (AD, 

HAD, and KAD). With an increase in starting concentration from 10 mg/L to 20 mg/L, an 

increase in adsorption capacity was observed for the previously described adsorbents from 

9.44 to 18.78 mg/g, respectively. The large driving force for mass transfer at a high starting 

dye concentration could be the reason for this [50]. 

3.2.3. Effect of Adsorbent Dosage 

The impact of 0.1–1.0 g of biochar on the adsorption capacity of 50 mg/L concentrations of 

cationic MB at room temperature is shown in Figure 3.6. This illustrates the exceptional 

sorption capacity of biochar for the removal of dye-contaminated water. 

  

 

Fig.3.6. Effect of adsorbent Dosage of MB adsorption onto AD, HAD and KAD 

 

As the dosage of biochar increased, the adsorption capability of all three hues considerably 

decreased (Figure 3.6). However, beyond a certain dosage, it stopped decreasing with more 

biochar. The maximal adsorption capabilities of the dye were found to be 16.45 to 5.35 mg/g 

on AD and 19.26 to 6.54 mg/g on both HAD and KAD adsorbents using 0.1 to 0.3 g of the 

adsorbents. At the lowest adsorbent dosage of 0.1 g, the highest adsorption capabilities of MB 

dye onto the aforementioned adsorbents were found to be 16.45 mg/g for AD and 19.26 mg/g 
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for both HAD and KAD. This indicates the exceptional sorption capacity of biochar for the 

removal of dye-contaminated water. Furthermore, an increase in doses was accompanied by a 

drop in qe at biochar dose values greater than 0.4 g, after which qe became nearly constant. 

The increased adsorption of dyes at lower dosages of biochar can be explained by an increase 

in the ratio of dye to adsorbent molecules, which enhances the dyes' sorption ability. Reduced 

adsorption capability at higher dosages may be the result of binding site overlap, insufficient 

dye molecule availability for unoccupied active sites, or both when biochar dosage is 

increased at fixed dye concentrations [51]. The results showed that when the dosage of the 

adsorbent is increased, the MB dye's ability to bind to AD, HAD, and KAD adsorbents 

decreases. The achievement of equilibrium resulted in a decrease in the adsorption capacity, 

suggesting that any additional addition caused desorption [35]. 

3.2.4. Effect of Temperature 

The effect of temperature on the adsorption rate of MB dye onto AD, HAD, and KAD 

adsorbents was investigated, as inferred from Figure 3.7, at 303, 313, 323, and 333K. 

 

Fig.3.7. Effect of adsorbent Temperature of MB adsorption onto AD, HAD and KAD 

 

Raising the temperature is also known to accelerate the rate of diffusion of the adsorbate 

molecules past the outer boundary layer and inside the pores of the adsorbent particle due to 

the decrease in solution viscosity that occurs with an increase in temperature. With a rise in 

temperature (303 to 333 K), the adsorption capacity of AD, HAD, and KAD adsorbents fell 
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from 92.06 to 88.97, 19.34 to 18.53, and 26.38 to 24.67 mg/g respectively. This indicates that 

the reaction is exothermic and implies physisorption. This could be because when 

temperatures rise, dye molecules become more mobile. Additionally, an increasing number of 

molecules may accumulate sufficient energy to interact with active sites [24]. The maximum 

amount of dye removed occurs at 30 oC, the lowest temperature, and then the amount 

gradually drops from there. This could be because molecules that are adsorbed at high 

temperatures have more kinetic energy. Because dye prefers to be soluble in the solvent rather 

than adsorb on the adsorbent surface, adsorbate-solvent interactions reduce both the 

adsorption capacity and the percentage of dye removal. As a result, the process's exothermic 

nature was discovered [35]. Rising temperatures may also have an internal swelling effect. 

Larger dyes have a greater ability to permeate the internal structure of the adsorbent [24]. 

It was discovered that when temperatures increased, the proportion of elimination decreased. 

This may be because physical adsorption at higher temperatures increases entropy, which 

reduces the forces holding the adsorbed species and the adsorbent's active sites together. 

Desorption into the aqueous solution may therefore cause the fraction of adsorbed molecules 

to drop. The achievement of equilibrium resulted in a decrease in the adsorption capacity, 

suggesting that any further increase would cause desorption [52]. 

3.2.5. Effect of pH 

The pH of the dye solution has a major impact on the entire adsorption process, specifically 

the adsorption capacity. The effect of pH on the adsorption of MB at equilibrium for the three 

absorbents (AD, HAD, and KAD) is shown in Figure 3.8. 
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Fig.3.8. Effect of pH of MB adsorption onto AD, HAD and KAD 

 

It was found that as pH increased, the qe increased. The lower adsorption at acidic pH was 

probably caused by the extra H+ ions competing with the dye cations for adsorption sites [24]. 

In contrast, the excess OH- in the basic medium causes the adsorbent's surface to become 

negatively charged, which causes an electrostatic attraction between the negatively charged 

adsorbent surface and the cationic dye, improving both dyes’ adsorption at a basic pH [14]. 

In this regard, it is noteworthy that the significant effect of pH on adsorption can be more 

effectively explained by the point of zero charge (pHzpc), an adsorbent characteristic. The 

pHzpc of the activated carbons and biosorbents for the two adsorbents were found to be 

between 6.6, 6.8, and 7.0 for AD, HAD, and KAD, respectively (Figures 3.1). The adsorbents 

are therefore more likely to readily adsorb any cationic dye at pH levels higher than these 

values when the pHzpc values for AD, HAD, and KAD are greater than 6.6, 6.8, and 7.0, 

respectively. The higher elimination at basic pH ranges could be explained by the cationic 

nature of MB dye. Consequently, the observed higher adsorption in basic fluids is most likely 

due to the strong electrostatic contact between the positively charged cations and the 

negatively charged adsorbent. Furthermore, a medium with a pH higher than 6.6 is optimal for 

the adsorption of anionic dyes, as shown by the pH of the adsorbent's point zero charge [14]. 

3.3. Adsorption Isotherms 

The relationship between a chemical's concentration in the equilibrium solution and the 
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amount adsorbed at a constant temperature is found using adsorption isotherms. Three 

isotherm factors were taken into account in this study. Freundlich, Temkin, and Langmuir 

isotherms. 

3.3.1. Langmuir Isotherm 

Equations 2.7 or 2.8 provide a straight line with an intercept of 1/Kqmax and a slope of 1/qmax 

when plotted against Ce. The separation factor, defined in many systems using equation 2.9, is 

a term used to characterize the fundamental characteristics of the Langmuir isotherm. It is also 

referred to as the equilibrium constant (RL). 

3.3.2. Freundlich Isotherm 

Plotting log qe and log Ce using equation 2.12 results in a straight line with an intercept of (KF) 

and a slope of (1/n). This is a standard method for representing experimental data to facilitate 

the computation of the constants (KF) and (n) and the assessment of the success of material 

removal from solution. 

3.3.3 Temkin Isotherm 

The solution to the equation 2.13 produced a plot of qe versus In Ce, from which the 

equilibrium binding constants (L/mg) corresponding to maximal binding energy could be 

calculated. 

Table 3.2. Isotherm Parameters for Adsorption of MB dye onto AD, HAD and KAD 

adsorbents 

Isotherm Parameters AD HAD KAD 
 

Langmuir qmax 416.67 100.00 813.01  

KL 0.01 0.31 0.02  

RL 0.83 0.14 0.68  

R2 1.0000 0.9971 0.9950  

Freundlich N 1.07 1.89 1.66  

1/n 0.93 0.53 0.60  

KF 1.90 3.82 3.25  

R2 0.9995 0.9254 0.9909  

Temkin BT(J/mol) 27.84 18.85 20.05  
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KT(L/mg) 0.50 4.19 2.12  

R2 0.9173 0.9799 0.9488  

 

Table 3.2 presents the outcomes of the experiment. As a result of their close proximity to unity, 

the maximum R2 values for MB dye were determined to be 1.0000, 0.9971, and 0.9950 for 

AD, HAD, and KAD, respectively. These values best match the Langmuir adsorption 

isotherm. Therefore, MB onto HAD shown the best fit with Langmuir > Temkin > Freundlich, 

whereas MB onto AD and KAD correlates best with Langmuir > Freundlich > Temkin. 

The process's favorable or unfavorable status was ascertained using the separation factor 

parameter (RL) for the Langmuir isotherm, which is provided in Table 3.2. According to Sajid 

et al. (2022), the process is irreversible for RL = 0 and linear for RL = 1, and unfavorable when 

RL > 1. It is also advantageous when 0 < RL < 1. Since the RL values are both greater than 

zero and less than one, all of the processes are advantageous for Langmuir. 

The Freundlich constants KF and n, respectively, stand for adsorption strength and capacity. 

According to Sajid et al. (2022), adsorption occurs more frequently when n is larger than unity. 

n denotes the heterogeneous surface of the adsorbent and can range from 1 to 10. Good 

adsorption is indicated by a value of n between 2 and 10; moderate adsorption is indicated by 

a value of n between 1 and 2; and poor adsorption is indicated by a value of n less than 1. The 

current approach obeys the Freundlich isotherm condition because all values of n were found 

to be more than one (that is, for MB onto both AD, HAD, and KAD, the value of n is between 

1 and 2, suggesting moderate adsorption) [35]. 

3.4. Kinetic Studies 

To determine the optimal adsorption exposure period, reaction kinetics research is crucial in 

addition to understanding the adsorption mechanism. To investigate the adsorption 

mechanism, a number of kinetic models have been used, including intra-particle diffusion 

kinetic models, pseudo-first-order, and pseudo-second-order models. While the intra-particle 

diffusion model helps to understand the adsorption kinetics, pseudo-first- and 

pseudo-second-order models are useful for the rate-determining stages [35]. 

Generally, three sequential steps are used to construct diffusion models: (1) solute diffusion 
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inside the pores of the adsorbent, also known as "intra-particle diffusion"; (2) solute diffusion 

across the liquid film surrounding the adsorbent material, also known as "film diffusion"; and 

(3) adsorption of adsorbate on the active site of the adsorbent. Reaction models generated 

from chemical reaction kinetics, however, rely on the full adsorption process without 

accounting for the previously described stages [14]. 

Table 3.3. Kinetic Parameters for Adsorption of MB dye onto AD, HAD and KAD adsorbents 

Kinetics Parameters AD HAD KAD 

 

Pseudo first qe (mg/g) 1.08 1.28 1.40  

k1 0.03 0.02 0.05  

R2 0.5464 0.4883 0.6145  

2nd-Pseudo qe (mg/g) 16.67 19.96 19.53  

k2 0.03 0.02 0.02  

R2 0.9995 0.9976 0.9994  

qe.exp(mg/g) 16.40 19.50 19.00  

Intra-particle Kdiff 0.35 0.64 0.52  

R2 0.5787 0.4192 0.6216  

The pseudo-second-order rate constant can be found using the graph of t/qt against t. The 

kinetic data obtained in this investigation were fitted using the pseudo-first-order, 

pseudo-second-order, and intra-particle diffusion models in Table 3.3, which also contains the 

relevant values for these models. By comparing the correlation coefficient values, it is 

possible to deduce that the pseudo-second-order model provides a reasonably good match to 

the kinetic data of each adsorbate. The kinetic data could not be satisfactorily explained by 

either the intra-particle diffusion or the pseudo-first-order model; however, the 

pseudo-second-order qe.cal (for MB 16.67, 19.96, and 19.53 mg/g onto AD, HAD, and KAD 

adsorbents, respectively) did, as demonstrated by a comparison with their experimental 

adsorption capacities (qe.exp) of 16.40, 19.50, and 19.00 mg/g, which are very close to each 

other (Table 3.2). As a result, the pseudo-second-order model fits the data collected better 

when it comes to describing adsorption systems. According to a number of studies, the 
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pseudo-second-order model faithfully describes how metals and dyes are adsorbed from 

aqueous solutions [14]. The pseudo-second-order model was determined to be suitable for the 

adsorption process based on its correlation coefficients, which are 1.9995, 0.9976, and 0.9994 

for AD, HAD, and KAD adsorbents, respectively. These values are all close to unity. 

3.5. Thermodynamic Studies 

The thermodynamic parameters play a major role in the assessment of the nature and 

properties of the adsorption process in terms of their physicochemical aspects. Adsorption 

enthalpy, entropy, and Gibbs free energy all contain basic information about adsorption. ∆G, 

or Gibbs free energy change, indicates if the adsorption process is spontaneous or not. 

Enthalpy change (∆H) indicates the thermal character of the process, indicating whether it is 

exothermic or endothermic, whereas entropy change (∆S) measures the degree of disorder 

among the molecules that make up the adsorbent and the adsorbate [14]. In the case where ∆G 

is negative (smaller than zero), no external energy is needed for the adsorption process to 

occur. If ∆G > 0 (positive) is present, it means that the reaction mechanism requires a 

supporting force, often heat energy, and that the sorption does not happen spontaneously. In 

general, it is preferable for ∆G to be spontaneous (a negative number) for the best adsorption 

process. 

Table 3.4. Thermodynamic Parameters of MB dye adsorption onto AD, HAD and KAD 

adsorbents 

Adsorbent ∆H(kJ/mol) ∆S(kJ/mol/K) 
∆G(kJ/mol) 

30oC 40oC 50oC 60oC 

AD -9.64 -0.0116 -6.13 -6.02 -5.9 -5.79 

HAD -23.11 -0.0483 -8.47 -7.99 -7.51 -7.02 

KAD -12.61 -0.0252 -4.97 -4.97 -4.46 -4.21 

 

Table 3.4 provides evidence that the adsorption process as a whole yield a negative ∆G, 

indicating that the adsorption is spontaneous and occurs without the need for external energy 

[53]. It's evident that ∆H is completely negative, pointing to an exothermic process where 

temperature increases cause the adsorption capacity to decrease [33]. The quantity of ∆H can 
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be used to determine the type of adsorption, according to similar behavior documented in 

another paper by Akter et al., (2021). The heat produced by physical adsorption is 2.1-20.9 

kJmol-1, the same as that produced by condensation, whereas the heat produced by 

chemisorption is frequently 80–200 kJmol-1. According to Akter et al. (2021), the range of ∆H 

values indicates that MB dye adsorption onto AD, HAD, and KAD is physical adsorption. 

A positive ∆S value suggests that the process is dissociative, that the adsorbent and adsorbate 

are attracted to each other, and that the degree of freedom and randomness at the solid-liquid 

interface are increasing [53]. On the other hand, the positive values of ∆S for the MB onto AD 

adsorbent indicated an increase in the randomness of the adsorbate's molecules on the solid 

surface of the adsorbent than in the aqueous solution. The results show that unpredictability 

decreases near the solid-solution interface, or they indicate a decrease in the randomness of 

the adsorbates' molecules on the solid surface of the adsorbents compared to in the solution 

[33]. These negative values of ∆S were obtained for MB adsorption onto HAD and KAD 

adsorbents. 

 

4. CONCLUSIONS 

It was discovered that Baobab (Adansonia digitata) seed pods, a very accessible and 

inexpensive agricultural waste, worked incredibly well to remove MB from synthetic 

wastewater. The Langmuir, Freundlich, and Temkin isotherm models were utilized to examine 

the equilibrium data. Using an adsorbate concentration of 100 mg/L, the maximum adsorption 

capabilities of MB were determined to be 92.06 mg/g for AD and 81.46 mg/g for both HAD 

and KAD. For all three adsorbents, equilibrium values fit the Langmuir isotherm extremely 

well. With computed adsorption capacity (qe) values that are similar to experimental 

adsorption capacity (qe.exp) values, the adsorption processes were shown to fit the 

pseudo-second-order kinetic model. 
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It was discovered that Baobab (Adansonia digitata) seed pods, a very accessible and 

inexpensive agricultural waste, worked incredibly well to remove MB from synthetic 

wastewater. The Langmuir, Freundlich, and Temkin isotherm models were utilized to examine 

the equilibrium data. Using an adsorbate concentration of 100 mg/L, the maximum adsorption 

capabilities of MB were determined to be 92.06 mg/g for AD and 81.46 mg/g for both HAD 

and KAD. For all three adsorbents, equilibrium values fit the Langmuir isotherm extremely 

well. With computed adsorption capacity (qe) values that are similar to experimental 

adsorption capacity (qe.exp) values, the adsorption processes were shown to fit the 

pseudo-second-order kinetic model. 
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